The structural parameters of fluid phase bilayers composed of phosphatidylcholines with fully saturated, mixed, and branched fatty acid chains, at several temperatures, have been determined by simultaneously analyzing small-angle neutron and X-ray scattering data. Bilayer parameters, such as area per lipid and overall bilayer thickness have been obtained in conjunction with intrabilayer structural parameters (e.g. hydrocarbon region thickness). The results have allowed us to assess the effect of temperature and hydrocarbon chain composition on bilayer structure. For example, we found that for all lipids there is, not surprisingly, an increase in fatty acid chain trans-gauche isomerization with increasing temperature. Moreover, this increase in trans-gauche isomerization scales with fatty acid chain length in mixed chain lipids. However, in the case of lipids with saturated fatty acid chains, trans-gauche isomerization is increasingly tempered by attractive chain-chain van der Waals interactions with increasing chain length. Finally, our results confirm a strong dependence of lipid chain dynamics as a function of double bond position along fatty acid chains.
Introduction
Throughout the biological world cell membranes are crucial to life. In the case of animal cells the plasma membrane, which is composed predominantly of proteins and lipids, and separates the cytosol from the cell's extracellular environment, acts as a selective semi-permeable barrier. Membranes also surround the various cell organelles (e.g. mitochondria, endoplasmic reticulum, Golgi apparatus, etc.), thus enabling them to maintain their characteristic functions.
The transport of molecules and the chemical signaling processes taking place across the membrane's lipid bilayer are, for the most part, mediated by membrane proteins, while their function (i.e. proteins) is determined by the lipid bilayer's structural properties. It is now generally accepted that the function, insertion, orientation, and subcellular localization of integral membrane proteins are all affected by the membrane's physical properties [1] . An example is the relationship between the activity of integral membrane proteins, such as the sarcoplasmic reticulum Ca 2+ -transporting ATPase, and bilayer thickness [2] . In this case, enzymatic activity was found to be maximal in bilayers composed of medium length (18-carbon) hydrocarbon chain lipids, and decreased by as much as a factor of four in both short-(14-carbon) and long-chain (22-carbon) lipid bilayers [3] .
There are various definitions of lipid bilayer thickness given in the literature, many of which depend on the technique used to measure the thickness, and the physical phenomenon being studied. For example, hydrophobic thickness (D C ) is widely used in cases where the function of an integral membrane protein is affected by hydrophobic mismatch [4] . This thickness is typically defined by the bilayer's hydrocarbon acyl chains and is assumed to be free of water. On the other hand, some amount of water molecules (n W ) is known to intercalate into the lipid headgroup region [5] . The thickness associated with this region (D H ) depends on headgroup conformation, which can be affected by other parts of the bilayer [6] , and/or thermodynamic conditions [7] . D H is also often arbitrarily defined in terms of steric thickness [7] [8] [9] [10] .
Bilayer thickness can be conveniently determined by various X-ray and neutron scattering experiments -note however, that the two techniques are sensitive to different bilayer thicknesses. In neutron scattering the high contrast between the protonated lipid and the deuterated water defines the overall bilayer thickness (D B ), also known as the Luzzati thickness [11] . On the other hand, the thickness best resolved by X-ray scattering is the distance between the peaks in the electron density (ED) profile, which, for the most part, corresponds to the distance between the lipid headgroup phosphates (D HH ). Even though they are the two most robust experimentally determined parameters, D HH and D B cannot be directly compared to each other, and neither provides all of the desired information regarding bilayer structure. Instead, in combination with experimental data, models are used to determine the remaining bilayer structural parameters.
Recently, the scattering density profile (SDP) model that simultaneously fits X-ray and neutron small-angle scattering data has permitted the robust determination of bilayer structural parameters [12] . Even though the primary information obtained from scattering experiments is the various bilayer thicknesses, the SDP model associates them by a common structural quantity that is central to describing bilayer structure -as well as lipid-lipid and lipid-protein interactions -namely the area per lipid along the surface of the bilayer (A). All thicknesses are then related to A through volume considerations (e.g. A = 2V L /D B = (V L − V HL )/D C = (V HL + n W V W )/D H , where V L is the volume of a lipid molecule, V HL is the lipid headgroup volume, and V W is the volume of a water molecule). It should be stressed that A is not easily determined for fluid lipid bilayers and is only obtainable if additional information is provided to constrain the many parameters that are needed by any realistic model of a bilayer. It should also be emphasized that this is not a criticism for the use of models. On the contrary, the unique advantage of models is that information obtained from different experiments can be used to refine them [13] . For example, total lipid volume is accurately obtained by other techniques [14] [15] [16] and is used in our analysis in order to reduce the number of variable parameters.
Accurately known lipid areas are crucial when assessing intermolecular interactions taking place within biomembranes. Historically, for example, models describing the structure of the red blood cell membrane were derived from knowledge of the total area occupied by the membrane's lipids [17] . The complex structural dynamics found in membranes involve a balance of forces, where area is the product of these forces in the lateral direction (i.e. in-plane). In single component lipid bilayers water permeability has been shown to correlate most strongly with area/lipid, but not so well with bilayer thickness and the bilayer's other structural and mechanical properties [18] . As a result, a new model for how water permeates a lipid bilayer was proposed, whereby lipid area was the key determinant [19] . Furthermore, if protein function involves a conformational transition accompanied by a change in its cross-sectional area, it can be assumed that even small changes in membrane lateral pressure (i.e. change in lipid area) can induce significant conformational (i.e. function) changes to a protein [20] .
In addition to playing a key role in describing membrane structure and function, knowledge of lateral lipid area is central to simulations [13] . Recent studies suggest that the force fields utilized in molecular dynamics (MD) simulations, however carefully determined may result in poor agreement with experiment when simulations are performed at the ideal zero surface tension condition [21] . To counter this, an alternative approach is to carry out simulations at constant, but nonzero tension, or equivalently at a fixed surface area [13] . The question then becomes, what value should the area/lipid be fixed to? Inconsistencies in lipid areas have been highlighted by the disparate results arising from MD simulations utilizing different force fields. For example, MD simulations based on the CHARMM (Chemistry at HARvard Molecular Mechanics) potentials are performed at nonzero surface tension in order to make them "better agree" with X-ray scattering data [13] , whereas simulations using a combination of GROMOS and OPLS (Optimized Potential for Liquid Simulations) potentials do not seem to require this additional "tweaking" [22] . Since MD force fields are considered to be "well tuned" if they are able to reproduce experimental data [23] , it is obvious that more work is needed to reconcile simulation and experiment, even in the simplest case of single component membranes.
Due to its complexity, the physical properties and functional roles of individual lipid species in biomembranes are exceedingly difficult to ascertain in an intact membrane. In order to gain insight into the roles of individual components, it is necessary to study model membrane systems that contain the lipid species of interest. For example, in eukaryotic membranes the predominant lipid species is glycerol-based phospholipids, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol, and cardiolipin. In the case of glycerol-based lipids, it is usual to find a saturated fatty acid esterified at the 1-position of the glycerol backbone and an unsaturated fatty acid at the 2-position. Also, compared to other lipids PE and PS lipids contain fatty acid chains with a greater degree of unsaturation [24] .
Over the years, a number of area per lipid data have been published for the various headgroup-containing (e.g. PC, PG, PE, etc.) lipids found in nature (e.g. [7, 9, 12, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] ). However, the recent interest in MD simulations requires for systematic and more precise descriptions of the most commonly used lipids. The present work evaluates the molecular area of PC headgroup lipids with hydrocarbon chains of various length and degree of unsaturation, using the recently developed method for determining area per lipid described in Ref. [12] . In addition to lipid areas, a comprehensive list of other structural parameters is reported for lipid bilayers in the liquid crystalline phase as a function of temperature.
Materials and methods
Synthetic saturated acyl chain phosphatidylcholines: 1,2-dilauroylsn-glycero-3-phosphatidylcholine (diC12:0PC, DLPC), 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (diC14:0PC, DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (diC16:0PC, DPPC), 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (diC18:0PC, DSPC), mixed acyl chain phosphatidylcholines: 1-palmitoyl-2-oleoyl-snglycero-3-phosphatidylcholine (C16:0-18:1PC, POPC) and 1-stearoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (C18:0-18:1PC, SOPC), and branched acyl chain phosphatidylcholine: 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (di4MEC16:0PC, DPhyPC) were purchased from Avanti Polar Lipids (Alabaster, AL) and used without further purification. Up to 60 mg of each lipid was mixed with 1.5 ml D 2 O (99.9% pure, Chalk River Laboratories) or 18 MΩcm H 2 O (Millipore), and temperature cycled through the main phase transition until a uniform dispersion of multilamellar vesicles (MLVs) was obtained. Unilamellar vesicles (ULVs) were then prepared from this dispersion at temperatures above the main phase transition of each lipid using an Avanti miniextruder fitted with two 0.25 ml air-tight syringes. MLVs were extruded through two polycarbonate filters with pore diameters of 500 Å, producing ULVs with diameters~600 Å [35] . The most "rigid" lipid (DSPC) was pre-extruded using two 2000 Å diameter filters to form large ULVs [36] . Finally, samples were diluted with D 2 O or H 2 O to the desired external contrast condition (i.e. 100%, 70% and 50% D 2 O in the case of neutron contrast variation experiments, and 100% H 2 O in the case of X-ray scattering experiments). The total lipid concentration of all ULV samples was~20 mg/ml, guaranteeing sufficient water between ULVs and eliminating the possibility of any inter-particle interactions [35] .
2.1. Small-angle X-ray scattering X-ray data were taken at the Cornell High Energy Synchrotron Source (CHESS) G-1 station. A 1.18 Å wavelength (λ) incident X-ray beam of dimensions 0.24×0.24 mm 2 was detected using a 1024 ×1024 pixel array FLICAM charge-coupled device (CCD), with 69.78 μm linear dimension pixels. The sample-to-detector distance (SDD) was 423.6 mm, as determined using silver behenate (d-spacing of 58.367 Å). Samples were contained in 1.5 mm quartz capillaries placed in a temperature controlled, multi-position sample holder. 2D images were de-zingered using two consecutive 10 s exposures, and corrected using calibration files supplied by CHESS. Data sets were normalized using the incident beam intensity as measured by an ion chamber. Background scattering resulting from water and air scatter was subtracted according to the procedure described in Ref. [35] . An additional linear function was used to correct for an unaccountable rise in background scattering similar to Ref. [37] , while the use of an absorption correction was found unnecessary (see Appendix A). A typical curve of scattering form factors determined by
is shown in Fig. 1A .
Small-angle neutron scattering
Neutron scattering data were taken at the NG-3 and NG-7 stations [38] located at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR), and at the CG-3 Bio-SANS instrument [39] located at the Oak Ridge National Laboratory (ORNL) Center for Structural Molecular Biology (CSMB). 6 Å wavelength neutrons were selected using a mechanical velocity selector, with an energy dispersion of 12.5, 11.5 and 14.5% (FWHM), respectively. Multiple sample-to-detector distances (i.e. Finally, acquired 2D images were corrected and reduced into 1D scattering curves using software supplied by NIST [40] and ORNL, and no absorption correction was applied (see Appendix A). Fig. 1B shows typical neutron scattering form factors calculated using Eq. (1).
Bilayer model
The SDP model was developed by Ref. [12] and is graphically depicted in Fig. 1C-E . Briefly, the component groups are chosen on the basis that each group has the same functional form for all the different contrast conditions [i.e. X-ray (Fig. 1C) and neutron ( Fig. 1D ) scattering density profiles]. For example, carbonyl and glycerol groups are described by a single Gaussian (CG), the phosphate and part of the choline (CH 2 CH 2 N) by another Gaussian (PCN), and the remaining choline (3xCH 3 ) by yet another Gaussian (CholCH 3 ). In effect, three Gaussians are used to describe the PC headgroup. The error function represents the total hydrocarbon region (i.e. sum of CH 2 , CH and CH 3 groups). CH and CH 3 groups are each described by a single Gaussian, which are then subtracted from the error function to obtain the CH 2 distribution. The water distribution is not defined by any particular function, but is instead calculated based on the complementarity requirement, whereby all of the probabilities add up to one. In this way the model captures all of the features of the different scattering density profiles (SDPs) while satisfying the spatial conservation principle. Therefore, the volume probabilities (Fig. 1E ) of the component groups in the SDP model sum up to unity at each point z along the bilayer normal [12] .
From Fig. 1 it is obvious that neutrons and X-rays are sensitive to different parts of the bilayer. For example, in the case of X-rays the electron dense phosphate groups contrast very well with the less electron dense hydrocarbon region. Thus, X-ray data are well suited for the refinement of the lipid headgroup and hydrocarbon chains. On the other hand, the high neutron scattering length density of D 2 O (often used in neutron experiments instead of H 2 O in order to increase the scattering contrast between the bilayer and the solvent, and to reduce background) permits neutron scattering to accurately determine the total bilayer thickness, and consequently, lipid area. Based on the amount and the quality of the experimental data included in the analysis, we estimate the uncertainty of the various structural parameters to be about 2% [34] .
Although the SDP model is designed to obtain structure from X-ray and neutron scattering data, the primary description is in terms of volume probability distributions (Fig. 1E) . Lipid area A then follows from the volume probability of the water distribution, which gives the Gibbs dividing surface between the water and the lipid. In particular, the mean position of the water distribution is defined by the equality of the integrated water probabilities to the left of the Gibbs dividing surface and the integrated deficit of water probabilities to its right (see hatched areas in Fig. 1E ). In other words, the Gibb's dividing surface is equivalent to Luzzati's division of two component systems consisting of water and lipid [11] .
Results
X-ray scattering form factors for the different lipid bilayers studied were measured in H 2 O, while neutron scattering form factors were determined at three different contrast conditions (i.e. 100, 70 and 50% D 2 O). These bilayers were measured at four different temperatures (i.e. 20, 30, 50 and 60°C), which in the case of some lipids covered both gel (data not shown) and liquid-crystalline phases. As a function of increasing temperature, the bilayer structural parameters, which depend on the interplay between increasing lipid volume [volume thermal expansivity: 
, changed linearly. Thermal coefficients are determined from the slopes of the linear functions used to fit the various temperature dependent data. Uncertainties are estimated from the chisquares, and include both the variance due to the assigned uncertainties and the weighted squares of the residuals, i.e.
where σ i is the uncertainty of parameter y i at point x i , and k and c are the coefficients of the linear function. This way, the fits to the data with the fewest number of points also possess the largest uncertainties.
The thickness and lipid area of DLPC bilayers as a function of temperature are given in Fig. 2 . They were obtained through the simultaneous analysis of X-ray and neutron ULV data. In the case of 30°C bilayers, ULV neutron and X-ray scattering form factors were refined using X-ray data previously obtained from stacks of oriented (ORI) bilayers [41] . In doing so, we are able to further evaluate the robustness of our method. While ULV data provide the strongest scattering signal at the low and mid q range, ORI samples allow us to extend the form factors up to q =0.82 Å −1
, thus increasing the resolution of our real space reconstruction. Bilayer profiles obtained from these two approaches (see Figs. S1 and S3 in the Supplementary material) show that the largest differences are observed in the widths of the terminal methyl groups. However, it is obvious from Fig. 2 that the inclusion of the ORI data did not alter area/lipid or the thickness of DLPC bilayers at 30°C.
The gel-to-fluid transition temperature of DLPC at~−1°C [24, 25, 42 ] is well below the range of temperatures examined in this study, placing all of our DLPC bilayers (i.e. 20, 30, 50 and 60°C) well into the fluid phase. All the scattering form factors are consistent with fluid phase bilayers (see the Supplementary material) and show only small variations with changing temperature. These variations correspond to the linear changes taking place due to increasing lipid volume and area/lipid as a function of increasing temperature, and the concomitant decrease in bilayer thickness. From the slopes of the structural data plotted as a function of temperature (Fig. 2) , the corresponding thermal coefficients are determined and are listed in Tables 1-3 (see also Table S1 for detailed results).
The thickness and lipid area of DMPC bilayers as a function of temperature are given in Fig. 3 (also Tables 1-3) . Similar to what was done with DLPC bilayers (Fig. 2) , the ULV neutron and X-ray scattering form factors were reanalyzed using X-ray data previously obtained from ORI stacks of DMPC bilayers at 30°C [41] . Although the scattering statistics are again improved in the high q region (see Fig. S6 in Supplementary material), the resulting bilayer parameters differ negligibly whether or not ORI data are used (Fig. 3) .
The gel-to-fluid transition temperature for DMPC bilayers is reported to be between~23 and~24°C [14, 24, 25, 42] . As a result, we only have three liquid crystalline DMPC bilayer data sets (Fig. 3) . The thermal thickness contractivity and area expansivity are evaluated from the slopes of the linear fits to the data (Fig. 3) . A complete list of bilayer structural parameters for liquid crystalline DMPC bilayers can be found in Table S2 of the Supplementary materials section.
3.3. 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (diC16:0PC, DPPC) and 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (diC18:0PC, DSPC) DPPC and DSPC have main transition temperatures of~41-42°C and~54-55°C, respectively [14, 24, 25, 42, 43] . Thus we only collected two sets of liquid crystalline data of DPPC bilayers and one set of DSPC bilayers. In the case of DPPC, previously obtained X-ray ORI data from liquid crystalline bilayers at 50°C [12] are analyzed for comparisonsimilar to what was done for DLPC and DMPC bilayers. Although the inclusion of the ORI data affects the scattering form factors in the higher q region (compare Figs. S10 and S11), the differences in real space data are again negligible (Fig. 4) .
The various bilayer thicknesses and lipid areas for liquid crystalline DPPC and DSPC bilayers, as a function of temperature, are shown in Fig. 4 and Tables 1-3. The thermal thickness contractivity and area expansivity are evaluated from the slopes of the linear fits to the DPPC data, only. A complete list of bilayer structural parameters for liquid crystalline DPPC and DSPC bilayers can be found in Table S3 of the Supplementary materials section.
POPC bilayers undergo a gel-to-liquid crystalline phase transition around − 2°C [43] . As such, all of the data shown in Fig. 5 are of liquid crystalline POPC bilayers. It is interesting to note the decreased number of lobes observed in the X-ray scattering form factors at 30°C (see Fig. S14 of the Supplementary materials). Although the ORI data are available up to q = 0.8 Å −1
, they are essentially of zero amplitude beyond q = 0.6 Å −1 -the result of a rather smooth scattering density profile with no discernable real space features smaller than 10 Å. In many ways this result justifies the use of analyzing only ULV data which cover the entire range of useful scattering. Not surprisingly, there are virtually no differences between the two results (i.e. ULV data vs. combined ULV and ORI data) shown in Fig. 5 . We had some difficulty in fitting the 20°C POPC X-ray scattering form factors (see Fig. S15 of the Supplementary material), but the fits to the remaining data were excellent. Moreover, the temperature dependence Compared to POPC bilayers, SOPC bilayers have a slightly higher main transition temperature i.e.~6°C [43] . Liquid crystalline SOPC bilayers were studied at four different temperatures and the structural data resulting from the SDP analysis are shown in Fig. 6 . Similar to the data already presented, D B and D C decrease linearly as a function of temperature, while values for A increase. The data are shown in Tables 1-3. Similar to the POPC data, 20°C SOPC X-ray scattering form factors show a small "lift off" in the two low-q minima (see Fig. S20 of Supplementary material). The observation of non-zero minima is indicative of an asymmetric bilayer scattering profile [44] . Although single lipid bilayers are expected to be symmetric in the fluid phase, it is possible that lipids with longer and stiffer hydrocarbon chains are more prone to forming asymmetric bilayers when close to their melting temperature.
Overall, this asymmetry is minor, and is only seen in the X-ray and not the neutron scattering form factors.
DPhyPC is a lipid with branched hydrocarbon chains (3,7,11,15-tetramethylhexadecanoic). Compared to unsaturated hydrocarbon chain lipids, DPhyPC's saturated chains are less susceptible to photooxidation and degradation, yet it readily forms biologically relevant fluid phase bilayers [45] . DPhyPC's gel-to-fluid phase transition temperature is thought to be around −120°C [46] , thus all of our measurements were conducted on liquid crystalline bilayers (Fig. 7) .
DPhyPC experimental data were easily fit using the SDP model (see Figs. S24-S28 in the Supplementary material). Similar to the other results presented here, data were obtained using ULVs, while previous X-ray data from ORI samples [47] were included in the case of 30°C -as was done for some of the other bilayers. The inclusion of ORI data is in excellent agreement with structure data obtained from ULVs only (Fig. 7) . The most pronounced differences between ULV data and ULV data combined with ORI data are observed in the high q region, where an extra lobe is seen in the scattering form factors that include the higher resolution ORI data (see Fig. S24 ). In real space, this affects the structural parameters that X-rays are especially sensitive to (i.e. D HH ), or those that correspond to finer bilayer details where increased spatial resolution is required (see Table S7 in the Supplementary material). Not surprisingly, the exclusion of the ORI data yields real space structural data of lower spatial resolution and/or decreased sensitivity to bilayer features especially discernable by X-ray scattering. An example of this is the small value of D H1 (the distance from the phosphate to the interface of the hydrocarbon region; i.e. 2D H1 = D HH − 2D C ) at 20°C. We believe this value is most likely the result of an artifact of the analysis in that, it is rather insensitive to the intrabilayer parameters when high resolution ORI data are not taken into account. On the other hand, the neutron scattering data make the SDP analysis very robust when it comes to determining the overall bilayer structural parameters (see Fig. 7 and Tables 1-3 ).
Discussion and conclusions
It is well known that the bilayer structure formed by lipid aggregates is due to the hydrophobic effect [48] , whereby non-polar molecules aggregate in such a fashion as to exclude water. Lipid bilayers thus form spontaneously and the area/lipid is determined by the balance between changes in entropy and enthalpy. As the lipid's hydrocarbon chains are unable to hydrogen bond with water, they disrupt the hydrogen bonding network between water molecules -the magnitude of this disruption is directly related to the length of the hydrocarbon chains [49] . Similarly, van der Waals attractive forces between the hydrocarbon tails that contribute to decreasing lipid area depend directly on lipid chain length. On the other hand, increase in lipid area is caused by the increased probability of trans-gauche isomerization that happens to increase with chain length [42] and temperature. As a result, the equilibrium area/lipid at the bilayer-water interface is dictated by the fine balance of the forces that minimize the system's total free energy. It is thus not surprising that lipids with different length hydrocarbon chains and degree of unsaturation form bilayers with different thicknesses and lipid areas -it is worth noting that rotational isomerization depends on the absolute temperature rather than a reduced lipid temperature, which has no effect on the lipid's first order main transition [9] . Importantly then, is that key membrane parameters used to describe lipid-lipid and lipid-protein interactions are compared at the same absolute temperature.
The effect of temperature on fluid bilayers
Not surprising, the bilayer structural parameters A, D B , and D C differ among the various lipids and also vary as a function of temperature. It Table 3 Hydrocarbon region thickness (2D C ), its thermal contractivity (α is however reasonable to expect that these parameters vary with temperature in a similar fashion for all of the different lipids. The reason for this is that trans-gauche rotational isomerization has, among the other intrabilayer interactions, the strongest thermal dependence and affects, to a great extent, the thermal behavior of the various bilayer parameters. For example, the values for area thermal expansivity (α A T ), bilayer thickness thermal contractivity (α DB T ) and hydrophobic thickness thermal contractivity (α DC T ) for the different lipids show only a small temperature dependence (see Tables 1-3) . This is a result of our analysis having being performed well away from each lipid's gel phase (i.e. deep into the fluid phase). Near the phase transition temperature, however, there are significant subcritical bilayer fluctuations taking place (e.g. [50] [51] [52] ) that can evoke more substantial temperature dependencies. The experimental uncertainties were evaluated by considering two contributions, that of the expressed structural parameter itself, as well as the linear function's slope uncertainty that was used to fit that particular parameter (see Figs. 2-7) . As a result, the fits to data with the fewest number of experimental points (e.g. temperature dependence of DPPC) contain the largest uncertainties (see Eq. (2)). Despite these uncertainties the temperature dependencies of the evaluated structural parameters suggest some interesting behavior. It seems that in terms of increased lipid area due to increased temperature (i.e. k A in Figs. 2-7 ), disaturated chain lipids (i.e. DLPC, DMPC, DPPC, and DSPC) behave similarly, while the addition of methyl groups (i.e. DPhyPC) to hydrocarbon chains alters their behavior noticeably. However, an even larger effect is caused by the addition of a double bond (i.e. POPC and SOPC). This observed decreased temperature dependence of a bilayer's area/lipid can be attributed to the existing disorder caused by multiple methyl groups or a double bond contributing significantly to an enhancement of thermal fluctuations with increasing temperature. Similar behavior has been observed by coarse-grained MD simulations. For example, the inclusion of one double bond decreased the k A = ΔA/ΔT slope by almost 30% [53] , in good agreement with our value of~26%.
In comparing our present results with previously published NMR data of saturated chain lipids [30] and X-ray results obtained from the di-monounsaturated DOPC lipid [33] , previous data suggest that temperature has a much more pronounced effect on lipid area than observed in here. This discrepancy between the different studies can in part be attributed to differences in the absolute values of A, which seem to generally be larger when determined from standalone X-ray scattering experiments [12] . Nevertheless, our molecular area expansivity values k A vary between 0.14 Å [30] . Similarly, a larger lipid area expansivity for fluid DMPC bilayers was obtained by Needham and Evans [54] using giant ULVs and micropipette aspiration. However, Needham and Evans noted that their technique was sensitive to the apparent area of the vesicles and not the actual membrane area. Because of local membrane undulations present in stress-free giant ULVs, the apparent and true local areas may be different. Moreover, such undulations are affected by temperature and may be much more pronounced near the chain melting temperature [50] [51] [52] . On the other hand, our results are in good agreement with the X-ray measurements by Costigan et al. [55] , where they determined k A =0.21 Å 
The effect of hydrocarbon chain on fluid bilayers
Unlike the case where temperature only profoundly affects the probability of trans-gauche isomerization, changes to a lipid's hydrocarbon chain length can affect all of the above-discussed intrabilayer interactions (i.e. hydrophobic effect, van der Waals interactions, and trans-gauche isomerization). The equilibrium lipid area is then the result of the fine balance between all of these interactions. Interestingly, our results suggest that there are differences between the chain length dependencies for saturated and mixed chain lipids. For example, at a given temperature a decrease in lipid area as a function of increased saturated fatty acid chain length is observed (Fig. 8a ). This implies a smaller increase of the entropic contribution resulting from rotational isomerization (i.e. chain disorder), compared to the hydrophobic and van der Waals interactions in saturated chain lipids. In agreement with NMR [30] and simulations [53] , our data imply that longer saturated hydrocarbon chains have an increasingly larger chain-chain van der Waals attractive energy, resulting in smaller lateral areas. The situation, however, is dramatically different for lipids that contain one monounsaturated (oleoyl) fatty acid chain in the sn-2 position. Area/lipid increases upon the addition of two CH 2 groups for all temperatures studied (Fig. 8a) . It is worth noting that this increase is about 3 times larger than the decrease we observed with saturated chain lipids, clearly demonstrating the importance that chain disorder has on area/lipid. In addition, compared to fully saturated chain lipid bilayers, bilayers formed by lipids with one monounsaturated chain (as well as those having two monounsaturated chains; [34] ) exhibit larger areas/ lipid at each of the given temperatures (Table 1 and Fig. 8a) . The bilayer thicknesses, on the other hand (Tables 2 and 3 , and Fig. 8b and c) , are comparable to bilayers made of medium length saturated hydrocarbon chains, such as DPPC. This may be explained in terms of the cis-double bond perturbing the hydrocarbon chain packing. This is known to have a greater effect in lowering the main transition temperature than, for example, decreasing the length of the fatty acid chains [56] . Importantly, the extent of bilayer perturbation is known to depend on the double bond's position along the hydrocarbon chain, and is most pronounced when placed in the middle of the hydrocarbon chain [34, 56] .
An effect similar to the addition of a cis-double bond on bilayer transition temperature and bilayer structural properties (i.e. increased chain disorder and area per lipid) can be achieved by methyl substitution -also depends on where along the fatty acid chain the methyl group is placed [56] . In the case of DPhyPC that contains four methyl groups along each of its hydrocarbon chains, we observe an approximate 20 Å 2 increase in area per lipid (see Fig. 9 ). Also, for a given temperature DPhyPC's chains are between 3 and 4 Å shorter than DPPC's (see Tables 1-3 ). These intrinsic properties of DPhyPC bilayers have previously raised the question regarding its suitability in biophysical studies [47] . We extend this discussion by reporting on DPhyPC's thermal coefficients. Although the area expansivity α A T is the smallest of all of the lipids studied here, this can be attributed to the much larger area/lipid rather than the weaker temperature dependence. A comparison of molecular area expansivities k A suggests that the thermal dependence for trans-gauche isomerization experienced by DPhyPC bilayers is in-between bilayers made of saturated chain lipids and those comprised of mixed chain lipids (see Figs. 2-7) . The data presented here may thus aid in clarifying DPhyPC's suitability for biomimetic studies. This method of analysis reiterates the notion that such comparisons should be carried out at the same absolute temperature. Importantly, the evidence for an extended linear dependence of areas as a function of chain length corroborates our previous statement that, in the case of saturated fatty acid liquid crystalline PC bilayers, van der Waals forces are the determining factor of lateral lipid area. The data depicted in Fig. 9 also reveals the effect that fatty acid unsaturation has on lipid area. As discussed, the presence of a cisdouble bond perturbs the packing of the hydrocarbon chains, which results in increased chain disorder and a concomitant increase in lipid lateral area. Interestingly, the addition of two methylene groups to mixed chain lipids results in an increased area/lipid (blue symbols in Fig. 9 ), in contrast to the decrease experienced by saturated hydrocarbon chain lipids (black symbols in Fig. 9 ). This again suggests that rotational isomerization has a much more pronounced effect on lipid areas of mixed chain lipid bilayers than attractive van der Waals interactions. However, this behavior changes with the position of the double bond along the fatty acid chain. Previously published data by Kučerka et al. [34] showed both increasing and decreasing lipid lateral areas in di-monounsaturated PCs (green symbols in Fig. 9 ). This nonlinear behavior was explained in terms of double bond position. Lipids with double bonds fixed relative to the methyl terminus (i.e. ω10) can be fitted with a negative slope linear function -similar to that for saturated lipids. On the other hand, lipids with the double bonds fixed with respect to the PC headgroup (i.e. 9-cis) are fitted with a positive slope linear function -similar to the mixed chain lipids (with 9-cis double bond) reported here. From this we can conclude that bilayer thermodynamics for unsaturated lipids are determined by the double bond's position.
Lipid area in fluid bilayers
Comparing our current results of saturated and mixed chain lipids with previously reported areas for di-monounsaturated lipids [34] , one can easily appreciate the profound effect that the first double bond has on lipid area. For example, of the increased area/lipid experienced by the substitution of two monounsaturated (e.g. DOPC) for two saturated (e.g. DSPC) fatty acid chains of same length, the addition of the first monounsaturated chain (e.g. POPC) accounts for between 70% and 80% of the increase. This result is in good agreement with a previous X-ray study that reported a 68% increase in area/lipid after the introduction of the first monounsaturated fatty acid chain [32] .
We also compared our area/lipid values to previously published results. Lipid areas found in the literature vary considerably and depend, to a great extent, on the experimental technique used to obtain them. Substantial differences have been noted when utilizing standalone neutron and X-ray scattering data, compared to when they are jointly refined [12] . For example, DOPC's lipid area had been overestimated by about 10% when standalone X-ray data was used to determine its value. This can be seen in Fig. 9 whereby our present lipid areas are compared with some of the earlier results for di-monounsaturated chain lipid bilayers [25, 33] , mixed chain lipid bilayers [7, 28, 32] , and fully saturated chain lipid bilayers [25] . As mentioned, the discrepancies are, for the most part, due to the utilization of limited data sets. It should also be pointed out that data for saturated lipid bilayers obtained from standalone X-ray scattering experiments [27, 29] and/or NMR experiments [28, 30] show much better agreement with our present results. Although the absolute areas/lipid are better obtained using our joint refinement method, perhaps a more important message is that the relative changes in lipid areas observed in the different bilayers (Fig. 9 ) seem to be consistent irrespective of the technique used to obtain them.
Area/lipid is often used as the key parameter when assessing the validity of MD simulations. Not unlike the disparate experimental results for lipid areas, published MD simulations (though not as numerous), have also resulted in a wide range of areas/lipid [57] . Consequently, many simulations have opted to fixing the area/lipid in order to achieve better agreement with experiment. Our present results can then enable this approach of simulating membrane structure and dynamics by providing them with the appropriate lipid area values, which have in turn been obtained utilizing models guided by simulation results. It is obvious, then, that this way of experimentally obtained lipid areas is also model dependent -as is the case here. It has been proposed that a good test for the validity of MD simulations is to compare them to experimentally obtained scattering density profiles [57] . However, even these are calculated based on certain assumptions. A better assessment of simulations is to compare them to "raw" experimental data (e.g. in form of scattering form factors), as suggested recently [58] . Our experimentally obtained scattering form factors shown in Figs. S1 to S28 thus again provide a basis for the synergy between experiment and simulation, whereby the simulation results guide the development of more realistic models, and experimental data aid in the development of more accurate MD force fields.
To conclude, we have determined a number of structural parameters pertaining to fluid phase bilayers of three different classes of PC bilayers, at a series of temperatures. Structural parameters such as area/lipid, bilayer thickness and hydrocarbon chain thickness were determined through the simultaneous analysis of small angle neutron and X-ray scattering data. Having determined accurate areas/lipid, we were then enabled to evaluate the lipid chain thermodynamics. Temperature was found to have the most profound effect with regard to rotational isomerizations for all lipids studied, while changes in hydrocarbon chain length affected bilayer dynamics differently for different lipids. Although chain disorder due to rotational isomerization still dominates in some of the unsaturated lipids, its influence is very much dependent on the double bond's position along the hydrocarbon chain. Finally, in the case of saturated hydrocarbon chain lipids, it is the attractive van der Waals chain-chain interactions that determine the area/lipid as a function of chain length.
The use of an appropriate absorption correction is necessary when analyzing data from oriented (ORI) stacks of bilayers [37] . X-rays scattered at small q (proportional to θ as 4π λ sin θ) have, on average, longer path lengths within the ORI samples than those scattered at higher q, i.e. X-ray scattered at low q are absorbed more than X-rays scattered at higher q (Fig. A1a) . The angular dependence of the absorption correction was calculated (Fig. A2 ) assuming a 10 μm thick sample with an absorption length x a = 2.5 mm. Using this as our basis, the absorption at q =0.1 Å −1 is almost 1.5 times greater than at q =1 Å −1 (Fig. A2) . Similarly, the absorption correction can be evaluated for unilamellar vesicles (ULVs). However, the difference between the two sample geometries (i.e. ORI and ULV) is such that, for ULVs the path length, and thus the absorption factor, increases with the increasing q (see Fig. A1b ). Quantitatively, absorption is expressed by the coefficient μ and is inversely proportional to the absorption length x a . By definition, μdl is the attenuation of the beam through an infinitesimal sheet of thickness dl at a path length l from the sample surface, which results in the scattering intensity expressed as [59] I l ð Þ = I 0 e −μl :
The path lengths for the two geometries shown in Fig. A1 are defined as l reflection = 2x sin θ ðA2aÞ
and
where x can assume any value from 0 up to the total sample thickness t. Eq. (A1) is then integrated along these path lengths over the entire thickness t. The resultant expression for the angular dependence of the scattered intensity due to sample absorption is then written as: 
The absorption correction is then applied to correct the experimentally measured scattering intensities. Fig. A2 compares the normalized absorption corrections as a function of scattering vector q for typical X-ray scattering from ORI samples, X-ray scattering from ULVs, and neutron scattering from ULVs. It is obvious that the absorption correction is negligible in the case of ULVs. X-ray ORI X-ray ULV neutron ULV Fig. A2 . Absorption corrections evaluated using Eqs. (A3a) and (A3b) for the scattering geometries described. X-ray scattering from ORI samples (x a = 2.5 mm, t = 0.01 mm and λ = 1.18 Å) is measured in reflection geometry, while both X-ray (x a = 4 mm, t = 1.5 mm and λ = 1.18 Å) and neutron (x a = 9.5 mm, t = 1 mm and λ = 6 Å) scattering from ULV dispersions are measured in transmission geometry. Solid lines denote q-ranges that are typically accessible by the given experiment.
